The field of free radical biology and medicine continues to move at a tremendous pace, with a constant flow of ground-breaking discoveries. The following collection of papers in this issue of Biochemical Society Transactions highlights several key areas of topical interest, including the crucial role of validated measurements of radicals and reactive oxygen species in underpinning nearly all research in the field, the important advances being made as a result of the overlap of free radical research with the reinvigorated field of lipidomics (driven in part by innovations in MS-based analysis), the acceleration of new insights into the role of oxidative protein modifications (particularly to cysteine residues) in modulating cell signalling, and the effects of free radicals on the functions of mitochondria, extracellular matrix and the immune system. In the present article, we provide a brief overview of these research areas, but, throughout this discussion, it must be remembered that it is the availability of reliable analytical methodologies that will be a key factor in facilitating continuing developments in this exciting research area.
Introduction
The present article appears as a prelude to a series of short reviews which address aspects of the recent developments, opportunities and problems in relation to the analysis of free radicals, radical modifications and redox signalling. The articles assembled in this issue of Biochemical Society Transactions, all by experts in the field, have a strong focus on the methodologies that underpin ongoing research advances. Additionally, in considering some of the key themes that ought to be addressed by a contemporary collection of articles in this field, it became clear that there are currently several outstanding questions that are key to future understanding and progression of this field. In the present article, we What methods are available to detect ROS (reactive oxygen species) in isolated living cells, and how specific are they?
The most popular methods for measuring ROS in isolated cells include the spectrophotometric determination of ferricytochrome c or Nitro Blue Tetrazolium reduction in the presence and absence of superoxide dismutase (to provide selectivity for the superoxide anion radical, O 2
• − ), the measurement of luminol-or lucigenin-dependent chemiluminescence in the presence and absence of superoxide dismutase, EPR spin trapping, fluorescence-based probes, and electrochemical detection. Not all of these methods will necessarily detect both extracellular and intracellular radicals and/or ROS.
Fluorigenic probes are typically used in conjunction with flow cytometric analysis. Alternatively, or, better still, in addition, fluorescence microscopy can be used to visualize the fluorescent-probe-loaded cells. The most popular fluorigenic probes include the cell-permeant compounds DCFH-DA (dichlorodihydrofluorescein diacetate) and HE (hydroethidine). DCFH-DA is taken up by cells, hydrolyses to DCFH (dichlorodihydrofluorescein), and is then trapped within the cells. The intracellular DCFH is oxidized by compounds including ROS to yield the fluorochrome DCF (dichlorofluorescein). The conversion of DCFH into DCF is often said to be a measure of hydrogen peroxide (H 2 O 2 ) concentration. However, this is clearly incorrect: the H 2 O 2 -dependent oxidation of DCFH is dependent on the presence of Fe 2 + ions [1] . Moreover, many oxidants other than H 2 O 2 (e.g. peroxynitrite, ONOO − ), as well as intracellular peroxidases, are able to oxidize DCFH [2] .
As with DCFH, there are also problems with using HE (and its mitochondria-targeted analogue, Mito-SOX) to detect cellular ROS production. HE has long been thought to react with O 2
• − to form ethidium. However, Kalyanaraman's group (reviewed in [3] ) has shown that the red fluorescent product, formed by the oxidation of HE by superoxide, was not ethidium. Rather, the product is 2-hydroxyethidium. Because of the multiple overlapping fluorescence spectra of ethidium, 2-hydroxyethidium and other products, fluorescence detection alone is inadequate for the measurement of O 2
• − using HE [1] . It is suggested that, in addition to the flow cytometric analysis that is commonly used in many laboratories, HPLC should also be used in order to identify the chemical structures of the products giving rise to the fluorescence observed by flow cytometry.
An alternative approach for the detection of ROS/RNS (reactive nitrogen species) is electrochemical detection (see, e.g., [4] ), which has been used for the measurement of O 2
• − , H 2 O 2 , nitric oxide (NO • ) and other species, and which has recently become available for hydrogen sulfide (H 2 S) [5] . However, yet again, there have been recurrent issues of specificity, and electrodes are often prone to fouling when used in the presence of high concentrations of proteins (e.g. in serum). Nevertheless, the methodology in this area is continuing to be more finely tuned, and Manning and McNeil [6] suggest that amperometric electrochemical detection is close to being able to offer simultaneous intra-and extracellular real-time analysis of multiple ROS.
Although less widely available to non-specialized laboratories, EPR spectrometry is a key tool for the detection of free radicals. In studies of ROS/RNS generation, EPR is often used in conjunction with an exogenously added spin-trapping compound, such as DEPMPO [5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide] or the iron(II) complex of N-methyl-D-glucamine dithiocarbamate, which reacts with, and stabilizes, the endogenously produced free radical so that it can be measured by EPR spectrometry. This is briefly alluded to in the article by Winyard et al. [7] . In some circumstances, however, endogenous molecular sites, such as the iron centres of metalloproteins (e.g. Fe-S or haem), may serve as 'intrinsic spin traps'. This is exemplified by the Fe-S clusters of the NsrR protein of Escherichia coli, discussed by Tucker's group [8] . Bacteria such as E. coli produce NO
• endogenously, but are also exposed to NO
• during the infection of host organisms such as humans, when part of the innate immune response involves the up-regulation of NO • production catalysed by the inducible nitric oxide synthase of macrophages. The resulting Fe-NO
• complexes within the bacterial NsrR are detectable by EPR spectrometry [8, 9] .
How can recent advances in MS be harnessed to facilitate the analysis of oxidized lipids in complex matrices, such as inflamed human tissues?
This topic is discussed in two articles in this issue, by Spickett and Fauzi [10] and by Massey and Nicolaou [11] . The oxidized lipids described are derived both from enzymatic reactions (e.g. cyclo-oxygenase-1 and -2, and lipoxygenases) and non-enzymatic reactions, such as lipid peroxidation, and chlorination of fatty acids as a result of attack by hypochlorous acid (HOCl), which is generated at sites of inflammation. Many of the extensive family of oxidized lipids have bioactive properties, some of which are pro-inflammatory and often considered to contribute to chronic disease pathology. In contrast, others, including resolvins, protectins and some oxidized phospholipids, show anti-inflammatory effects [10] [11] [12] [13] . A better understanding of the effects of these oxidized lipid products has been facilitated by advances in analytical technology, with MS (both gas chromatography-MS and electrospray ionization-MS) playing a crucial role. The MS-based measurement of one particular lipid peroxidation product, 8-epi-PGF 2α (8-epiprostaglandin F 2α ), has been widely adopted as a goldstandard measure of oxidative stress; however, analysis of a single product provides a limited view of tissue status in comparison with profiling of multiple oxidized lipid species. The latter can readily be achieved by the use of multiple reaction monitoring for defined oxidized lipid species where the fragmentation products are known, as described by Massey and Nicolaou [11] . Alternatively, broader but still targeted approaches involving precursor ion and neutral loss scanning can identify lipids containing hydroperoxides and chlorine [12] . Clearly, MS-based lipidomics has enormous potential in the discovery of disease biomarkers, and the challenges for the future lie both in the development of robust, but sensitive, analysis appropriate for clinical applications and in understanding the mechanisms of bioactivity of the oxidized lipids identified.
How does the reversible oxidation of proteins facilitate redox signalling?
Some years ago, a central paradigm of research in free radical biology and medicine was that free radical reactions with proteins in biological systems caused damage to those proteins, which thence contributed to cell death and extracellular matrix destruction. Today, the paradigm has shifted towards a view that free radicals play a crucial role in the normal control of redox-regulated processes in healthy cells, as explained by Burgoyne and Eaton [14] . In disease, free radical production causes a shift in redox-regulated cell signalling, resulting in the modulation of key molecular pathways such as 'inflammatory' and 'anti-inflammatory' cytokine production (discussed by Coppo and Ghezzi [15] ). The sulfur-containing residues cysteine and methionine are the most sensitive to oxidation by a wide variety of ROS, RNS and halogenating species [16] , and cysteine is considered to be a key component of the redox-sensing machinery of human cells [17] . Jacob has dubbed this the regulatory 'thiolstat' [18] . It is important to understand that this covers a much larger variety of oxidation states and forms than the classical thiol-disulfide conversions: sulfenylamides, disulfide Soxides, sulfinic phosphoryl esters, thiosulfinates and sulfurcentred radicals have all been identified. The importance of thiyl radicals and radical reactions in the oxidation of proteins is discussed by Schöneich [19] , emphasizing the catalytic nature of sulfur radicals and their potential to diffuse oxidative damage irreversibly within the protein. However, it is important to note that iron-sulfur clusters are also very effective sensors of ROS and RNS, and their role in regulating cellular responses to specific reactive species in bacteria offers a useful biochemical paradigm [8] .
As alluded to in several reviews within this issue of Biochemical Society Transactions, a key technique in the analysis of oxidative post-translational modifications is MS [7, [14] [15] [16] 19] . For more detailed information on such approaches to the MS-based analysis of oxidative protein modifications, the reader is referred to the more extensive discussions in a previous issue of Biochemical Society Transactions [20] [21] [22] [23] . In the present issue, some of the most successful contemporary methods for identifying proteins that are involved in redox signalling (via cysteine oxidation) are described in the article by Burgoyne and Eaton [14] , in particular variations of the biotin-switch method, the use of dimedone for detecting sulfenic acids and crosslinking agents for vicinal thiols. These methods have been successfully applied to studies of protein oxidation and redox signalling in cardiovascular disease. The role of protein oxidation in cardiovascular disease has also been addressed from a different angle by Kennett et al. [16] , who describe the oxidation of extracellular matrix proteins such as perlecan by RNS and HOCl and show that these changes to the matrix alter the local behaviour of endothelial cells. Oxidative modification of extracellular matrix proteins is likely to be important in a variety of chronic inflammatory diseases, and is thus an important area for future research, although these proteins are challenging to investigate.
Among the consequences of oxidative post-translational modifications is the induction of autoimmunity and autoantibody formation via the creation of neoepitopes corresponding to the oxidatively modified amino acid side chains of proteins and/or altered protein conformations [7] . Furthermore, extracellular membrane protein thiol oxidation is emerging as an important regulatory process in T-cell function, with specific T-cell subsets having different thiol content. This is strongly regulated from the inside of the cell to the outer face of the membrane by cysteine and antioxidant protein export. Griffiths et al. [24] consider how aging and rheumatoid arthritis affect the T-cell redox state and function, signalling from the outside in, e.g. via mitogens, and signalling from the inside out. Although protein oxidation and the cellular thiolstat are almost certainly critical factors determining cellular responses to stresses and regulating processes such as immune function, some problems of interpreting the results in human or animal studies are explained in the article by Turner et al. [25] . In addition to all these unresolved interpretational problems surrounding the maintenance of the intracellular redox balance, a yet further methodological issue in this field arises in relation to the physiological significance of the 'mild' uncoupling of the mitochondrial electron-transport chain, observed in the presence of succinate as a substrate [26] .
Conclusions
The present issue of Biochemical Society Transactions provides an overview of a selective cross-section of the analytical methodologies that are currently enabling research in the fields of oxidative and nitrative stress and redox signalling. Despite the enormous potential power of rapidly advancing methodologies, especially MS, to facilitate our understanding of the field by sensitive, accurate and specific techniques, there are clearly serious potential pitfalls in relation to almost every available methodology, as highlighted within these articles. Furthermore, particularly in relation to the translation of these methods into medicine, there is a strong demand for sensitive and specific methods that can be run on cheaper, high-throughput, platforms. Unfortunately, funding requests for projects centred on the development of novel analytical methodologies are often not regarded as attractive by funding agencies. Despite this, the validity of the bioanalytical approaches used in oxidative stress laboratories underpins the whole field, and it is crucial that we continue to enhance our capacity to deliver better measurements of ROS/RNS and their reaction products.
